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Making a fitting choice: common aspects of sugar-binding sites
in plant and animal lectins
Kurt Drickamer
Comparing sequences of plant and animal lectins reveals
that the ability to bind any one type of sugar has evolved
several times independently in diverse protein frameworks.
Conversely, families of lectins that share common structural
features often contain members that recognize different
groups of sugars. In the context of this combination of
convergent and divergent evolution, our knowledge of the
structures of lectin–sugar complexes provides valuable
insights into the principles that underlie specific sugar
binding.
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Carbohydrates, often conjugated to proteins and lipids, play
structural roles in essentially all living organisms. Examples
range from the cell walls of plants, and of simpler organisms
such as yeast and bacteria, to mucins and proteoglycans in
animals. The existence of proteins capable of binding
selected carbohydrates shows that complex carbohydrates
can also mediate specific recognition and adhesion events.
These sugar-binding proteins, or lectins, are widely distrib-
uted [1]. Lectins mediate many different types of inter-
action, including adhesion between animal cells within a
single organism, targeting of bacterial toxins to animal cells
and immune recognition of bacteria and fungi by animals.
Differences in sugar-binding properties of the lectins have
been extensively studied using a variety of haemagglutina-
tion, solid phase, NMR and calorimetry-based assays. The
structures of lectins in complex with sugars provide reason-
ably satisfying explanations for these differences.
Two model families of lectins
The basic features common to sugar-binding sites in lectins
have recently been reviewed [2,3]. In general, hydrophobic
(van der Waals) interactions and hydrogen bonds with
shared portions of sugars, such as the ring oxygen, can con-
tribute to stabilization of the sugar–lectin interaction.
However, selectivity for different sugars results from spe-
cific hydrogen bonds and metal coordination bonds to key
distinguishing hydroxyl groups. In addition to this accom-
modation of target sugars, unwanted recognition is some-
times precluded by steric exclusion. The shallowness of
the sugar-binding sites and the limited number of contacts
with the sugar allows different selectivities to be built into
a common basic structure.
It is particularly interesting to note how structurally unre-
lated groups of lectins have achieved similar types of selec-
tivity. Two of the most diverse groups of lectins are the
calcium-dependent (C type) animal lectins [1,4] and the
leguminous plant lectins [5,6]. As mentioned above, the
functions of the C type lectins include receptor-medi-
ated endocytosis, cell–cell adhesion and providing a simple
form of innate immunity. The natural functions of the
legume lectins are not well understood, although it is inter-
esting that recently discovered mammalian homologues,
tentatively designated the L type animal lectins, appear
to mediate intracellular sorting of glycoproteins in the
endoplasmic reticulum and Golgi [7,8].
The structures of several lectins in each of these cate-
gories are known from crystallography. Comparison reveals
that the folds characteristic of each class are conserved, as
would be expected from the sequence similarities within
each group. However, the C type animal lectins and the
legume lectin folds show no similarity to each other. The
legume lectins contain largely b structure, consisting of
two b sheets packed into a sandwich structure, while the
carbohydrate-recognition domains of C type animal lectins
consist of a mixture of a and b structure linked by irregu-
lar loops and held together in part by disulphide bonds
and calcium ions [4,9]. Nevertheless, the two families are
similar in that each includes homologous members that
show completely different sugar-binding selectivity. Some
of these parallels are illustrated in Table 1.
Key hydroxyl groups
An important similarity in the way sugars are recognized
by diverse lectins is evident from the clustering of the
sugar ligands into two groups illustrated in Figure 1. One
group contains glucose, mannose and N-acetylglucosamine
(GlcNAc), which share a common arrangement of equator-
ial 3- and 4-hydroxyl groups. The second group, contain-
ing galactose and N-acetylgalactosamine (GalNAc), is
distinguished by the presence of an axial 4-hydoxyl group.
Within each group the sugars differ at ring position 2,
although the ring oxygen and the arrangement of carbons
5 and 6 remain constant.
The interactions observed in the crystal structures of the
two groups of sugars interacting with the two families of
animal lectins illustrate several principles that underlie
lectin–carbohydrate interactions.
Firstly, specificity for one group of sugars over others
requires interaction with the hydroxyl group, or groups,
that distinguish the favoured from the unfavoured ligands.
The orientation of these hydroxyl groups must be estab-
lished by reference to common structural features. Interac-
tions with these key structural features serve to orientate
the sugar in the binding site. Secondly, once an orientation
is established, additional selectivity can arise by steric
exclusion of groups which might be common to bound and
unbound sugars but which do not interfere with binding
of the favoured ligands in the established orientation.
Thirdly, positive interactions with common aspects of the
sugars generally contribute to stability of the bound
complex but not to selectivity. Finally, when lectins can
bind to multiple different sugars, the hydroxyl group or
other substituents that differ among these ligands cannot
contribute substantially to the binding interaction.
Some of these principles are evident by comparison of
the lectins that bind mannose, glucose and GlcNAc. Both
legume and C type animal lectins make critical interac-
tions with the 4-hydroxyl groups of these sugars. In the
C type animal lectins the specificity lies in a series of
cooperative hydrogen bonds involving hydroxyl groups 3
and 4 combined with coordination to a calcium ion
[10,11]. In this case, hydroxyl group 3 serves as a refer-
ence, in order to determine the orientation of hydroxyl
group 4. Interaction of C type mannose-binding proteins
with mannose and GlcNAc serves as a basis for the recog-
nition of saccharide-bearing surfaces of single-cell organ-
isms such as bacteria and fungi, which are rich in these
sugars.
In the legume lectins that bind these sugars, the most
extensively hydrogen-bonded groups are the 4- and
6-hydroxyls, so that in this case the arrangement at posi-
tion 6 can be thought of as the reference, although the
3-hydoxyl is also engaged in a hydrogen bond to a back-
bone amide [12–14]. Additional stability is achieved
through hydrogen bonds with the ring oxygen and a non-
polar interaction with the B face of the sugar, but these
common features do not dictate selectivity. As expected,
interactions with the 2-hydroxyl, which points away from
the protein surface, are not generally observed.
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Table 1
Plant and animal lectins with related selectivity for sugars.*
Sugar ligands Legume lectins C type animal lectins
4-OH Equatorial
Man/Glc/GlcNAc Concanavalin A [14] Mannose-binding 
Pea lectin [12] proteins [10,11]
Lathyrus ochrus
lectin [13]
GlcNAc Griffonia simplicifolia Chicken hepatic lectin
lectin II
4-OH Axial
Gal + GalNAc Erythrina corallodendron Macrophage
lectin [17] asialoglycoprotein 
Peanut agglutinin [19] receptor [16]
GalNAc Soybean agglutinin [18] Liver
asialoglycoprotein 
receptor
*References are given for lectins for which structures have been
determined in complex with simple glycosides, disaccharides or
trisaccharides. In the case of the asialoglycoprotein receptor, a mutant
of mannose-binding protein which mimics the properties of this
receptor has been studied.
Figure 1
Common sugars in mammalian
glycoconjugates. Monosaccharide
components can be classified into two groups
based on the recognition pattern of lectins,
function and evolutionary history. In their
pyranose form, all the sugars share a common
arrangement of the 3-hydroxyl group, the ring
oxygen and the carbons at positions 5 and 6.
The two groups are distinguished by the
orientation of the 4-hydroxyl groups. Within
each group, the orientation and substitution at
position 2 of the ring varies. Atoms are shown
in standard colours.
Changing binding selectivity
The principles listed above can be better illustrated by
comparisons within each of the lectin families, particularly
noting the limited number of changes that must be made to
alter the specificity from one group of sugars to another. In
the case of the C type animal lectins, the exact require-
ments are known, because it has been possible to invert
the specificity of mannose-binding protein to match the
galactose-binding properties of C type lectins, such as the
macrophage asialoglycoprotein receptor [15]. Endocytosis
mediated by these receptors results in the clearance of
galactose-terminated glycoproteins from circulation. In the
galactose-binding site, illustrated in Figure 2, a switch in
the positions of an amide and a carboxyl group, as com-
pared to the mannose-binding site, changes the interactions
with the 3- and 4-hydroxyl groups so that the equatorial-
axial arrangement found in galactose is now accommodated
[16]. In addition, affinity for galactose is increased by the
insertion of a tryptophan residue that provides van der
Waals packing to the apolar B face of galactose. As noted
above, this interaction adds stability to the sugar–lectin
interaction but by itself does not increase selectivity for
galactose over mannose. However, an additional loop of
protein places this tryptophan in a position that excludes
mannose from the binding site by steric hindrance.
Many of the same principles are evident when the struc-
tures of the legume lectins complexed with mannose,
glucose and GlcNAc are compared with the Erythrina
corolodendron, soybean and peanut lectins with bound
galactose [17–19]. In the galactose structure, the 3- and
4-hydroxyl groups are involved in a series of hydrogen
bonds, so that the relative orientation of the key 4-hydroxyl
group can be detected relative to the 3- substituent. As the
aromatic packing interaction of the B face of the sugar
is preserved, it contributes to stability of both types of
complex without determining specificity. However, a shift
in the position of a segment of the polypeptide results in
exclusion of mannose from the binding site by creating a
steric clash with the 6-hydroxyl group.
Being more specific
An additional parallel between the plant and animal lectins
(cited in Table 1) is the fact that certain members of each
family display narrower selectivity for individual monosac-
charides such as GlcNAc and GalNAc. It seems likely that
this restriction in binding is achieved by additional contacts
in the binding site. Amongst the C type lectins, additional
contacts between the mammalian hepatic asialoglycopro-
tein receptor and the N-acetyl group of GalNAc have been
inferred from mutagenesis studies [20] and at least one van
der Waals interaction has been confirmed crystallographi-
cally (A Kolatkar, KD and W Weis, unpublished results).
Similarly, mutagenesis studies provide evidence of nonpo-
lar contacts between the chicken hepatic lectin and the
2-acetamido group of GlcNAc [21].
Similar discrimination at ring position 2 is evident in
certain legume lectins. Unfortunately, structures of these
lectins complexed with amino sugars in the binding site
are not yet available for comparison. However, the possi-
bility of an additional interaction with a 2-acetamido group
has been suggested based on the structure of soybean
agglutinin complexed with galactose [18]. In addition, dif-
ferences in the selectivity of Lathyrus ochrus isolectin I for
mannose and glucose can be explained based on differ-
ences in the positions of axial and equatorial hydroxyl
groups [13].
Cores and elaborations
Focussing just on the mammalian N-linked oligosaccha-
rides for illustrative purposes, it is possible to classify the
sugar constituents very roughly into two groups. The core
sugars are GlcNAc and mannose, which establish the basic
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Figure 2
Binding of galactose and mannose to C type
animal lectins. In the mannose-binding site
(a) a switch in the positions of an amide and a
carboxyl group change the interactions with
the 3- and 4-hydroxyl groups so that
galactose can be accommodated (b). The
addition of a tryptophan residue increases
stability of the galactose complex by packing
against the hydrophobic B face. The position
of the tryptophan sidechain also excludes
mannose from the binding site by stearic
hindrance. Atoms are shown in standard
colours and the Ca2+ ion is represented as a
green sphere; hydrogen bonds are
represented as short dashed lines and
coordination bonds are denoted as heavier,
long dashed lines. (Figure courtesy of Anand
Kolaktar and Bill Weis, Stanford University.)
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branching pattern and are complemented by extensions
to the sugar. These extensions include polylactosamine
chains, consisting of repeated N-acetyllactosamine disaccha-
rides, and a variety of terminal elaborations that include
galactose, GalNAc, fucose, sialic acid and sulphates amongst
other groups. As will be discussed in more detail elsewhere
(KD and ME Taylor, unpublished results), in evolutionary
terms it can be suggested that the cores mediate older,
intracellular functions of the sugars while the elaborations
are more recent and often function after glycoconjugates
reach the cell surface.
This evolutionary classification of monosaccharides divides
them into two groups that can be distinguished by exami-
nation of the orientation of their 3- and 4-hydroxyl groups.
This is precisely the same distinction that binding sites of
both the C type animal lectins and the legume lectins are
designed to make. It is thus interesting to speculate about
whether the lectins have perhaps co-evolved to recognize
sugar structures as they have become more complex. A ten-
tative analysis of the history of the C type animal lectins
suggests that, as expected from this analysis, binding sites
for mannose and GlcNAc evolved before those for galac-
tose and GalNAc [22]. It may eventually be possible to
establish a similar pattern for the legume lectins and their
animal homologues. Such an understanding may also shed
light on the enigma of what benefit the legume lectins
confer on the plant.
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